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ABSTRACT 


A slot line isolator configuration is investigated 
experimentally. The configuration is analyzed using 
Pemcurbation theory. Theoretical results obtained from a 
computer program based on the analysis are compared with 


the experimental measurements. 
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fee ROD UC TION 


The slot line has gained importance as a transmission 
line in microwave systems. The field distribution of this 
line has been investigated by Cohn [1]. This investigation 
mevcaled that the slot line has areas of elliptical polari- 
@eeron Of the field on both the air and substrate sides of 
maermetal conductor. Because of this elliptical polarization, 
non-reciprocal propagation due to interaction with ferrite 
material is possible. A ferrite device for non-reciprocal 
modes of propagation has been presented by Hines [2] for a 
weero line. Thus the development of a non-reciprocal device 
Moe clOl iS initiated. 

The ferrite slot line isolator is developed from the 
meeory Of microwave ferrites and slot line wave propagation 
oem cdieleéctric substrate. Quantitative treatments are 
derived from wave guide perturbation theory as applied to 
open boundary structures supporting bound waves and the 
aopiication of this perturbation Picci O aysiOu line 
loaded with a ferrite slab. 

ume purpese Of this thesis is to apply the theoretical 
serysiS OL the slot line isolator to a practical isolator 
and to compare the experimental and theoretical results. 
je investigation of two types of ferrites placed on the 
cwemmline vou selecvred locations will be included in the 


experimental results. 





tt. MiCROWAVE FERRITES 


Miempermcabi lity Of a ferrite exhibits a tensor quality 
at microwave frequencies. It is the off-diagonal elements, 
which are of opposite sign and are imaginary, of the tensor 
that produce the non-reciprocal effects of the ferrite. The 
permeability tensor, [x], can be derived from the equations 
@eemocion Using the simple electron model shown in Figure 1. 

When a static external magnetic field (Ho) iS epolied 
to a ferrite material the magnetic dipole moment (i) will 


precess about an internal magnetic field (H, ). 





Spinning 
Electron 


Figure 1. Electron precession about a static magnetic 
field with a surerimposed r.f. field alternating at the 
same frequency. 








The frequency of this precession of (f 0) is dependent 


upon the value of H, 


magnitude of the precession to decay until uw comes into 


A damping factor (a) will cause the 


alignment with H,. If a small magnetic r. f. field (h,) is 


applied transverse to H. 


nous with ae the magnitude of precession will increase and 


and its frequency (f) is synchro- 


emegy can be absorbed from the r. f. signal. 
The derivation of the permeability tensor [xy] may be 


found in references [3] and [4]. The results are shown below: 


x 0 @) 
xx ey 
= x ye @) a 
[x J se (1) 
0 @) @) 
nee | 
where J = Koy and Kay = “Kx: 


The real and imaginary parts of [yx] are 


ff (f° - f°) +f £ fae 
a a a ae 4. a*)1° “- ye“ £%a* 


f fa(f 2 + mG + a?) 
m @ 


X!t = (3) 
= 2 = ae eee ee 
Peiiee 1°14 4 ee ue ef se 


-jf_f(f,° = f°(1 + a) 


a = aa. > oo.) >. > (4) 
Yr = £e(1 + a°) 1% + He “rae 
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Dp ea 
nm oO 


X't = So = ae eee (5) 
where f = 4nM_Y and a = +H, (6) a 


as 


with y ~ 2.8(MH,/OERSTED) and M, = saturation magnetization. 


The line width (AH) of the ferrite determines the 


damping factor of Equations (2) - (5). Thus a is given by 


Wo = oe (8) 


Picea tievlcm Lelawuemen the ferrite slab of Figure 2 is 


1 
approximately 


= Be eee oo 


where A te vice eles ieacde medium Surrounding the ferrive 


and H > 4qM_. 
O S 


alin 





a 





oOo NE TSOLATOR THEORY 


Micwoteumlette we. ©. moagmetic fields are elliptically 
polarized in the x,y plane and the fields are tightly bound 
Momune substrate [5]. This suggests that a ferrite slab 
with its broad face perpendicular to the Z-axis would be 
an appropriate geometry for interaction between the magnetized 
Memrive and the slot field. This configuration is shown 


maeracure 2. 





Figure 2, Slot line isolator configuration. 


Perturbation theory as applied to an open boundary 
structure supporting a bound wave can now be considered for 


the geometry of Figure 2. The change in the propagation 


le 








constant due to a small change in the type of material in 
f@eeVvicinivy Of a guiding structure such as a slot line is 


given by Knorr [6]. 


icone ie ESP uy ivy ia: H - H¥) da 


(Tt + pr) = = a = 
Po i X H' + E X H*¥) - aie da 
C20) 
where 
Bye - Ce, ~ 1)[1] 
and 
[ x X 0 
xX XY 
Beers 2 Ma 0 
0 0 0 
also a 
= a > eer t 
E E/E a) a, H H 


The primed quantities refer to perturbed values. 
The field in the region to be occupied by the ferrite 


slab are given approximately by [7] 


juv 9 (1) 
H = aol (ASA )y Sear ee (kKey)] (12) 


des 








Vi €A/X") 
eee J (AX ug Eel Ue el 


ki2} 


Von 
2 forsary® = 1 cH, Gy) a3) 


tJ 
i 


Upon substituting Equations (11) - (13) in Equation (10), 
meme real part of the propagation constant for a forward or 


reverse traveling wave is found to be [8]. 


3 
at = 2(Z /n) (T/A) CL/ANXSE(LOAZAY)® = 11° T(t) 
| _ 
+ (A/A)ELOSAT)® = 11% Ty (1a) 
2CIXNOZA)LOAM)® = 17 Ig) (ra) (24) 
where 
Tj(ta) = J Ko (x) dx (15) 
Tj(ta) = SK,“ (x) ax (16) 
Ta 
Tp, (ta) = FR, (x)Ky (x) ax = SK °(ta) (17) 
= 
t = 2n/Al(A/At)* - 1) ° (18) 
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The numerical values of the integrals (15) - (17) were 
found using two subroutines, BESK and QTFE, that are avail- 
able as part of the Sy stem/360 Scientific Subroutine 
Package [9]. 

The slot line characteristics used in computing gt were 
acquired from the impedance and slot line wave length graphs 
of [7]. These values are given in Table I for the slot line 
isolator manufactured for this thesis. Representative values 
of the integration of the modified Bessel functions by the 
trapezoidal rule (second order formula) are given in Table 
II. Graphs of these integrals for small values of tT, are 


eamewn in Appendix A. 


TABLE I 


Simepe line parameters for substrate thickness of 0.125 inches 


and EW. = IG os , 


SS — 





FREQUENCY (GHz) Vem Z_, (OHMS) item) 
2.0 6.00 a 0.952 
2 2S 5.25 We ela. 
265 4.68 73 1.24 
2S 423 (es Asie 
3.0 3.83 76 ese 
Se) S250 76 leo © 
5 Bec 76 eos 
S012 2.95 {ie 1.98 
4.0 2.76 ie 2 Le 


be, 


WS ° 





fb Menbjo, sb 


hepresenvavive values of the integration of 
PhemmodLited Bessel fumeviens for different 


ferrite Slab pOSLTLONS. 


| a= 0.125 inches 


| pREquency (GHz ) | I (ta) | I, (ta) | Ty, (ta) | 
2.0 0.53 6 0.92 
2.oD 0.44 1.30 Oras 
2.50 0.39 eee) 0.64 
PES: 0.34 0.80 Cou 
340 ON Bic 0.65 0.45 
34525 0.25 Ono 5 0.39 
Sie OR eal 0.45 O32 
Sa VS Ole 0.35 0.27 
4.0 OAL On. 30 Ome4 


a = 0.050 inches 


Zs dbs Jee Sieul?, Cate IA 
Ae 0.97 4.8 2S 
26 58 SA Sis) 4.2 1.96 
2a 0.88 3.6 ale: 
iol Oe 0 Se 1360 
B. 2D 0.74 Ete 1.44 
52 0.68 2.4 ete 
Sic 10s 0.63 ea alee 
4.0 Ge Sie 1.9 Oy. 
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ive ost bie fSOLATOR 


A. EXPERIMENTAL PROCEDURE AND SET UP 

The slot line used for the isolator was constructed 
from copper clad €,, = 16, one-eighth inch thick substrate. 
The isolator was designed to operate at a center frequency 
of 3 GHz and to match a 50 ohm coaxial cable (0.141 inch 
O.D. semi-rigid) thru a slot line to coaxial transition. 
Figure 3 shows the slot line isolator manufactured and 
merwod for thismenmecsis. The isolator is shown in the testing 
meeteion. The svataic magnetic field was perpendicular to 
meeombroag face of the slot line. The isolator was mounted 
aba a non-ferrous retainer and the ferrite slab was held in 
place by non-ferrous clamps. 

The isolator was positioned for testing between the 
pole pieces of an electromagnet with a range of Ome: 

4000 Gauss for a 2 inch gap. The circuit set up for taking 
measurements is shown in Figure 4. 

Because the current in the electromagnet could not be 
meversed. measurements for forward and reverse loss were 
made by exchanging the inlet and the outlet coaxial cables. 
The experimental measurements were performed so that data 
reflected loss due only to the ferrite slab. 

Two types of microwave ferrite materials were inves- 
tigated and their characteristics are given in Table III. 


The program listed on page 40 computes the imaginary parts 


li 





e%%. 





Figure 3 Slot. li i ‘ 
ae line isolator in the ex i 
configuration, a 
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of the susceptibility tensor for both materials and the 
results are plotted in Figures 5 and 6. These two materials 


were selected because of their availability. 


| POWER 
10 Db METER 
COUPLER HP432 







2-0 to 3.0GHz 
SWEEP 














CRYSTAL 
DETECTOR 







ISOLATOR 






XY 
RECORDER 


Figure 4, Biock diagram of the testing circuit for forward 
and reverse attenuation, 


TABLE. LIL 


Ferrite Microwave Characteristics 











MATERIAL SATURATION MAGNETIZATION LINE WIDTH f_ (GHz) 
4nM_. (GAUSS ) AH(-3Db ) 
SPINEL 7 5.0 225 4.80 
GARNET 1200 (es, D230 
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Garnet 
oA = 3.0GHz 
a f = 3.36GH 
yy a = 
¢ ¢ 
xx 
8 
4 
Spinel 
2.0 3.0 4.0 


Figure 5. Tensor susceptibilitv component x for 
Garnet and Spinel. 
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X xy 
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Pigure 6, 


and Spinel. 


Garnet 
~ 


mas 
! 


= 3.0GHz 


foap = 3,36GHz 


Spinel 


229 3.0 | 4.0 


Tensor susceptibility component x, for Garnet 
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Eee 2APERIMENTAL RESULTS 
#. Resonant Field 
itcomulestproperbysO. the isolator investigated was 
the magnetic field that produced maximum reverse loss at 
the center frequency. The results are compared in Table IV 


for the two ferrite slabs. 


TABLE IV 


Comparison of theoretical and experimental values of external 


field for maximum reverse loss at 3 GHz. 





MATERIAL THEORETICAL EXPERIMENTAL 





SPINEL 2830 G 2) ONG 
GARNET 2280 G elteo. G 





2. Forward and Reverse Loss Measurements 
Forward and reverse loss measurements were conducted 

at four ferrite slab positions and were compared with theo- 
retical values computed by the program found on page 40. 
Figures 7 and 8 show results of forward loss for the Garnet 
for two slab positions, Figures 9 and 10 show one results 

of the reverse attenuation for the same ferrite positions. 
Similar graphs were plotted for the Spinel, which has a 
larger band width (AH). These results are shown on Figures 


mrethru 14. 





0.08 


Theoretical 


0.06 


Forward 
Loss 
(Db/Cm ) 


0.04 


yExperimental 


0,02 


220 3.0 4.0 
f (GHz) 


Figure 7. Forward Attenuation for Garnet a = 0.125 inches. 
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: Theoretical 
O23 
Forward _ xperimental 
Loss ’ 
(Db/Cm) 
O52 
0.1 
220 3.0 : 4.0 
f (GHz) 


Figure 8. Forward attenuation for Garnet a = 0.075 inches. 
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Theoretical 

1s) 
Reverse 
Loss 

(Db/Cm) 
1.0 

Experimental 
O35 
2.0 3.0 4.0 


f (GHz) 


Pigure 9. Reverse attenuation for Garnet a = 0.125 inches. 
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4 
Reverse eoretical 
Loss 
(Db/Cm) 
2 
Experimental 
Ze 3.0 4.0 


f (GHz) 


Figure 10. Reverse attenuation for Garnet a = 0.075 inches. 
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0.4 
Forward 


Loss 
(Db/Cm) 


Figure ll. 


Theoretical 


xperimental 


2.0 3.0 4.0 
f (GHz) 


Forward attenuation for Spinel a = 0.050 inches. 


PAL 





1.0 


Forward 
Loss 
(Db/Cm) 


0.5 


Figure 12, 


heoretical 


Experimenta 


2.0 3.0 4.0 
f (GHz) 


Forward attenuation for Spinel a = 0.025 inches. 
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heoretical 


Reverse 
Loss 
(Db/Cm) 


2.0 


* gmap 


ee ae d 
ee 
Nene 


a 


>————— er re 
PAS, 3.0 4.0 


f (GHz) 


Figure 13. Reverse attenuation for Spinel a = 0.050 inches. 
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reoretical 


Reverse 
Loss 
(Lb/Cm) 


4.0 


Experimental 


2.0 3.9 4,0 


f (GHZ) 


Figure 14. Reverse attenuation for Spinel a = 0.025 inches, 





The results indicate that the experimental values agreed 
Qualitatively with theory but in all cases theory predicted 
Peeaucr forward and reverse losses. This discrepancy 
Wemeially Can be attributed to the error in the Hankel- 
PMimermlonm solution to the slot line field near the center of 
miewseoct. Also the effective area of contact between the 
Pemmrre and@the slot line was somewhat reduced because of a 
Teigemta che Slot line substrate. A comparison of theoretical 
Emme xperimental values of reverse attenuation as a function 
Smoiooance irom the center of the slot are shown in Figures 
15 and 16 for Garnet and Spinel. 

One of the specifications for an isolator is that the 
Homtemol reverse to forward loss be maximized. This ratio 
is shown on Figures 17 and 18 for both materials. As can 
Memocet) this ratio increases as the ferrite is moved toward 


The center of the slot. 


Si 





14 


10 
Reverse 
Loss 
(Db/Cmn) 
6 ‘aia 
Experimental 
2 





0.025 0.075 0.125 


a (inches) 
Figure 15. Theoretical and experimental values of reverse 


loss at the center frequency as a function of distance from 
the center of the slot for Garnet. 
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6.0 


4.0 
Reverse 
Loss 
(Db/Cm) 


Theoretical 


Experimental 





0.025 0.075 0.125 
a (inches) 


Figure 16. Theoretical and experimental values of reverse 


loss at the center frecquencv as a function of distance from 
the center of the slot for Spinel. 
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16.0 


£2.0 


Reverse/ 

Forward 
Loss 
(Db) 


8.0 


sxperimental 





0.025 0.075 0.125 
a (inches) 
Figure 17. Ratio of reverse to forward attenuation at the 


center frequency as a function of distance from the center 
of the slot for Garnet. 
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6.0 


4,0 


Reverse/ 

Forward 
Loss 
(Db) 


Theoretical 


Experimental 





a Cinches) 
Figure 18. Ratio of reverse to forward attenuation at 


center frequency as a function of distance from the center 
of the slot for Spinel. 


ae. 





V. CONCLUSIONS 


The theoretical and the experimental results of a slot 
line isolator have been presented. Although theory and 
experiment were not in accord as far as quantitative data 
was concerned, it appears evident that theory can be used 
memomecdsct Che behavior of the isolator for the configuration 
ieisineC . 

The results of this thesis have shown that non-reciprocal 
propagation can occur on a slot line loaded with a ferrite 
mimeme wresence Of a magnetic field. This initial success 
demonstrates that further investigation could define the 


Seem CcOoniiguration for a slot line isolator. 
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APPENDIX A 


Results of intergration of modified Bessel functions for 
small values of Ya. 
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